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ABSTRACT
Environmental effects monitoring (EEM) has been traditionally used to evaluate the effects of existing facilities discharging

liquid effluents into natural receiving waters in Canada. EEM also has the potential to provide feedback to an ongoing project

in an adaptive management context and can inform the design of future projects. EEM, consequently, can and should also be

used to test the predictions of effects related to newprojects. Despite EEM’s potential for widespread applicability, challenges

related to the effective implementation of EEM include the use of appropriate study designs and the adoption of tiers for

increasing or decreasing monitoring intensity. Herein we describe a template for designing and implementing a 6-tiered EEM

program that utilizes information from the project-planning and predevelopment baseline data collection stages to build on

forecasts from the initial environmental impact assessment project-design stage and that feeds into an adaptive management

process. Movement between the 6 EEM tiers is based on the exceedance of baseline monitoring triggers, forecast triggers,

andmanagement triggers at various stages in the EEM process. To distinguish these types of triggers, we review the historical

development of numeric and narrative triggers as applied to chemical (water and sediment) and biological (plankton, benthos,

fish) endpoints. We also provide an overview of historical study design issues and discuss how the 6 EEM tiers and associated

triggers influence the temporal-spatial experimental design options and how the information gained through EEM could be

used in an adaptive management context. Integr Environ Assess Manag 2018;14:552–566. �C 2018 SETAC
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Adaptive monitoring
INTRODUCTION
In the early 1990s in Canada, the Environmental Effects

Monitoring (EEM) Program was initiated by the federal
government under the Fisheries Act to evaluate the
influences of liquid effluents (from pulp mills in 1992 and
metal mines in 2002) on receiving aquatic environments
(Walker et al. 2003). Canadian EEM programs principally
focused on the assessment of fish populations and benthic
invertebrates (i.e., benthos was used as a surrogate measure
of the quality of fish habitat, e.g., sediment) through the
comparison of samples of fish and benthos from areas
“exposed” to effluent with samples from unexposed refer-
ence or “control” areas (Glozier et al. 2002). EEM programs
were and are focused on the detection of biological effects
(i.e., effects based, per Dub�e and Munkittrick 2001) rather
than the detection of chemical change (i.e., stressor based).
These Canadian programs are somewhat akin to retrospec-
tive risk assessment (RRA; Suter 1993), wherein the ecological
effects of exposure to a stressor are evaluated through
combinations of field study and laboratory experimentation
(see also Dub�e andMunkittrick 2001; den Besten et al. 2003).
The EEM approach is also akin to effectiveness monitoring
(EM), which is the term often applied to ecological studies
designed to determine if restoration efforts have succeeded
(e.g., Chapman and Underwood 2000; Block et al. 2001).
Consequently EEM-type analyses, as a catch-all term for both
RRA and EM, have been used for assessing the effects of
municipal wastewaters (Kilgour et al. 2005), oil and gas
extraction (Parsons et al. 2010; DeBlois et al. 2014),
deforestation (Wissmar 1993; Kreutzweiser et al. 2005),
urbanization (Scarsbrook et al. 2000; Collier et al. 2009),
hydroelectric facility operation (Richter et al. 1996; White
et al. 2011), and other pressures on aquatic environments
(Green 1979; Cairns et al. 1993).
EEM has been traditionally used to evaluate the effects of

existing facilities that discharge liquid effluents into natural



An Adaptive Environmental Effects Monitoring Framework—Integr Environ Assess Manag 14, 2018 553
receiving waters (Walker et al. 2003). When implemented
appropriately, EEM is a powerful approach and can (and
should) be used to test the predictions made in environ-
mental impact assessments (EIA) related to new projects
(Duinker 1989; Buckley 1991; Smith 1991; Dipper et al. 1998;
Wood et al. 2000). However, the integration of EEM
with EIA is currently not common (Arciszewski et al. 2017).
Consequently, EEM has the potential to provide feedback
to a project in an adaptive management context and to
inform and improve future EIAs for similar and related
projects.

Despite the fact that EEM programs are routinely
implemented, agencies (and proponents of projects and
EEM programs) routinely disagree on what will be
measured, where and when measurements will be made,
how the data should be summarized, and how to define an
“effect” (be it “large” or “small”). Environment Canada
(2012), for example, provides guidance on study designs,
including the recommended number of sampling areas
required in reference and exposure conditions and defined
critical effect sizes. The minimum acceptable design
includes 1 reference and 1 exposure area, despite decades
of peer-reviewed literature urging the use of more complex
designs that more robustly describe reference-area vari-
ability (Green 1979; Stewart-Oaten et al. 1986; Underwood
1991, 1994; Underwood and Chapman 2003). Environment
Canada’s (2012) guidance, based on metal-mining effluent
regulation (MMER), further requires that assessments be
based on only the current year (i.e., exposure period) to the
exclusion of data from the baseline period or prior exposure
periods (but see Jensen 1973). Huebert et al. (2011) and
Mackey et al. (2012) identified that the minimum design has
a good probability of resulting in the detection of differ-
ences that are unrelated to exposure to effluent and
repeated the need for better design and the use and
interpretation of data from more comprehensive study
designs.

EEM-style monitoring in Canada’s oil sands region has
been even more contentious (Kelly et al. 2009, 2010;
Schindler 2010). The Regional Aquatics Monitoring Pro-
gram (RAMP) was an industry response to a provincial
requirement for proponents to monitor operations and
potential aquatic environmental effects at a regional scale
(Hatfield et al. 2009). RAMP was essentially an EEM
program designed collaboratively by the industry and
representatives from provincial and federal government
agencies. Monitoring (i.e., the selection of endpoints,
sampling locations, sampling frequencies, and data analysis
procedures) was generally designed with the intent to test
hypothesized effects of oil sands operations on aquatic
environments. Monitoring of the aquatic environment
consisted of surveys of water, sediment, and biota (i.e.,
benthos, fish communities, and sentinel fish populations)
and was implemented for 15 years before an external peer
review in 2010 (Oil Sands Advisory Panel 2010; Main 2011)
resulted in a program transformation to better manage the
monitoring of oil sands influences and the kinds of
Integr Environ Assess Manag 2018:552–566 wileyonlinelibrary.c
monitoring undertaken (Environment Canada and Alberta
Environment 2012).

RAMP has been shown to demonstrate effects on benthos
and water quality, for example, at Tar River and Fort Creek in
northwest Canada (Hatfield et al. 2016). Nonetheless, the
RAMP approach has been criticized for several reasons. For
example, sampling in RAMP was considered to be too
infrequent for some environmental components (e.g., water
quality) and therefore likely to miss important events (e.g.,
Kelly et al. 2009, 2010); Further, benthos sampling of riffles
with Neil–Hess cylinders has been criticized as inappropriate;
several reviews have argued that benthos should be
collected with traveling kick protocols (Main 2011). Other
criticisms focused on insufficient benthic sampling at some
RAMP projects; for example, the absence of benthic
sampling locations in the main stem of the Athabasca River
(Main 2011). However, RAMP purposely did not survey the
mainstem of the Athabasca River because it was considered
unlikely to detect the effects of oil sands operations (Hatfield
et al. 2009; RAMP 2011). Further, some criticisms of RAMP
projects argued that fish population monitoring (i.e., with
slimy sculpin) was neither extensive enough (not enough
sample locations) nor frequent enough (Main 2011). Other
challenges and perceived problems with RAMP are de-
scribed by Main (2011). Like the EEM programs for metal
mining and pulp mills, RAMP reports (e.g., Hatfield et al.
2015) specified values for biophysical responses that were
used to judge variations. Unlike the established EEM
programs for metal mining and pulp and paper mills,
RAMP only involved surveillance monitoring and provided
no mechanism (tier) for investigating root causes of any
observed variations in the aquatic environment (Miskimmin
et al. 2010; Oil Sands Advisory Panel 2010: RAMP 2011).

EEM is an effects-basedmonitoring program that needs to
be a part of any adaptivemanagement process thatmanages
project-related changes to the environment (Arciszewski and
Munkittrick 2015). The primary EEM challenges relate to
study design, but they also include the setting of expecta-
tions for biological response values (i.e., triggers) that justify
and prompt a change in monitoring intensity, focus, or
questions (i.e., tiers) within EEM.

This paper proposes a template for designing and
implementing an EEM program to integrate input from
the project-planning stage and predevelopment baseline
data collection and triggers that prompt subsequent tiers of
monitoring and related activities (e.g., investigation of
cause, investigation of extent). The general methodology is
anticipated to be applicable to operators of mines, mills,
municipal (or other) wastewater systems, and other facilities
that influence lake, stream, and river environments. This
review discusses the historical development of numeric and
narrative triggers as applied to chemical (water and
sediment) and biological (plankton, benthos, fish) end-
points and provides an overview of historical study design
issues, including what to sample, where to sample, and how
frequently to sample. The review demonstrates how
conventional control-impact study designs and reference
�C 2018 SETACom/journal/ieam
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condition approach (RCA) designs are variants of the same
reference–exposure theme and how they can be integrated
for a more thorough assessment. In addition, this paper
discusses how EEM tiers influence the temporal-spatial
statistical design options, the use of triggers, and how the
information gained through EEM could be used in an
adaptive management context. This paper does not
identify preferred chemical, physical, or biological variables
for monitoring because those decisions originate in the risk-
assessment–based conceptual site model (Dub�e and
Munkittrick 2001; Ankley et al. 2010) and associated valued
ecosystem components, both being project-specific as-
pects that are handled elsewhere (e.g., Munkittrick and
Dixon 1989a, 1989b; Kilgour et al. 2005).

EEM TIERS
The Canadian EEM program was initiated to determine

if regulated concentration limits for effluent parameters
(under the Fisheries Act) were adequate to protect fish and
fish habitats (Ribey et al. 2002; Walker et al. 2002, 2003).
As the pulp and paper mills and metal-mining EEM
programs matured, flowcharts and decision trees were
constructed to describe the major steps (or tiers) and
critical decisions in EEM (e.g., Glozier et al. 2002; Ribey
et al. 2002; Kilgour et al. 2005, 2007), including data
interpretation issues (Lowell et al. 2002; McMaster et al.
2002; Munkittrick et al. 2010) and challenges associated
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with the investigation of cause (Hewitt et al. 2005;
MacLatchy et al. 2010) and the investigation of solutions
(Kovacs, Martel, et al. 2007).
Canadian EEM programs include 6 generalized tiers

(Figure 1). Tier 1 is baseline period monitoring, which is
carried out prior to a project (or intervention) being
approved. That is, baseline assessment studies are often
initially conducted to describe the existing environment to
support a pathways-based risk assessment. However, base-
line period monitoring has not been routinely integrated into
Canadian EEM programs because many of the EEM
programs were implemented to evaluate effluents at existing
facilities,making it impossible to collect baseline perioddata.
Tier 2 is surveillance monitoring, normally the first study

undertaken after project development. Surveillance monitor-
ing is used to determine if there are nontrivial (discussed in
the section on triggers) changes in biological responses in a
nearfield exposure area. Tier 3 is confirmation monitoring,
which establishes whether nontrivial effects observed in tier 2
were evident a second time if sampling was repeated. If
nontrivial effects are confirmed, the focus on monitoring
shifts to tier 4, the investigation of cause (IOC), which is
carried out to determine the cause of the nontrivial effects.
Once the cause has been identified, focused (extent)
monitoring is initiated in tier 5 to quantify the spatial extent
of the nontrivial changes, an exercise that helps inform if the
changes warrant mitigation. Arciszewski et al. (2017) have
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proposed that extent monitoring should be carried out prior
to IOC, which reflects a sequence in which the extent
determines whether IOC and subsequent mitigation are
warranted. However, the IOC confirms that we understand
the effects of the project (effluent) on the receiver, and this
knowledge provides an opportunity to refine the project’s
environmental effects predictions in an adaptive manage-
ment context. Additionally, tier 5’s focused (extent) monitor-
ing will provide information that is used to plan and
implement mitigation measures. Tier 6 is investigation of
solutions, which focuses on an assessment of options that will
most likely mitigate the observed environmental effects.

Although often treated as a stand-alone process, EEM is
enhanced by connecting it to the initial project-planning and
engineering-design phase, which typically involves an EIA or
a similar process (Kilgour et al. 2007; Arciszewski et al. 2017).
The EIA is the process in which valued components are
identified and project environmental effects are predicted
based on an analysis of predicted effects pathways; both of
these activities are needed to set triggers used to move
between tiers in EEM. Additionally, EEM logically connects to
an adaptive management (AM) process in which the EEM
investigation of cause, extent monitoring, and investigation
of solutions tiers support an AM process in which a preferred
solution is implemented and evaluated with adaptive
monitoring (e.g., see CNSC 2014; Arciszewski and Munkit-
trick 2015; Arciszewski et al. 2017). The connections between
planning and design (EIA), EEM, and AM are logical steps in
an EEM for a new project as opposed to traditional EEM
programs for an existing facility. When these 3 processes are
connected, the planning and design process establishes a
number of key monitoring design parameters that are
required in the EEM (Beanlands and Duinker 1983; Duinker
1989; Smith 1991). EEM involves the implementation of the
monitoring program, and AM is initiated if it is necessary to
remedy any observed nontrivial environmental effects.

STUDY DESIGNS IN EEM
The nature of the baseline and surveillancemonitoring tiers

is determined in part by the physical setting of the facility and
associated discharge (e.g., discharge to a stream, lake, or
marine embayment; see Glozier et al. [2002] and Environ-
ment Canada [2012] for details). By contrast, the study design
(also known as the experimental design or sampling design) is
often determined by answers to a series of relatively simple
questions (e.g., Green 1979; Quinn and Keough 2002;
Underwood 1994). Generally, 1 of the first questions is
whether any data are available from the area before the
facility was operational. These data are called “before” data,
and they describe environmental conditions before the
facility was constructed (as part of the initial site assessment;
e.g., Jensen 1973). If an EIA was conducted prior to the
construction of the facility, then suitable “before” data will
potentially have been collected (Beanlands and Duinker
1983; Smith 1991). If “before” data are available and we also
know when and where the facility and associated discharge
are located, then the existence of 1 or more suitable
Integr Environ Assess Manag 2018:552–566 wileyonlinelibrary.c
“control” or reference areas will determine the statistical
study design that can be applied.

Decision tree

A modified version of Green’s (1979) decision tree
distinguishes 5 different statistical study designs applicable
to the assessment of the release of treated liquid effluents
from a point source (Figure 2). Each design describes a
different sampling strategy that follows from the availability
of “before” data (i.e., baseline period), “control” areas (i.e.,
baseline or reference areas), and so on. Unfortunately, the
designs are not equivalent with respect to inferences of
effluent-related cause and effect, with some designs being
considerably more robust than others (e.g., Mellina and
Hinch 1995; Nemec 1998). At issue is the ability to infer the
cause of any significant change revealed by tier 2 surveillance
monitoring (i.e., to establish cause and effect; Anderson
1998; Schwarz 1998).

The 5 designs considered here are the following: (1) before
vs. after (BA); (2) control vs. impact (CI); (3) before-after-
control-impact (BACI); (4) gradient; and (5) RCA. Each is
discussed in the sections bellow.

Before-after design

With a before-after (BA) design, data are collected from the
area below the effluent release point both before and after
effluent release has begun. Samples collected before the
effluent was discharged will be compared to samples
collected after commencement of the discharge. A nontrivial
difference between before and after periods provides
evidence that a change has occurred. However, BA designs
have several significant challenges. First, changes over time
in an exposure area may be natural (Underwood 1994) and
unrelated to the intervention (e.g., effluent release). Having
multiple years of baseline data, therefore, can be important.
Second, projects may have only a couple of years between
concept and implementation, i.e., the period when baseline
data can be collected before the effluent discharge
commences. Further, the physical location of the effluent
release point can be expected to change several times during
project design, such that baseline data collected even a few
years before the effluent is released may not be relevant to
assessing the influences of the discharge. Paleolimnological
data may provide an alternative means of estimating the
normal baseline condition (Bennion et al. 2011); however, the
receiver needs to be depositional in nature (i.e., lake, large
bay of a river, marine offshore) with minimal disturbance of
surficial sediments, the chemicals cannot be those that
migrate, and the fossil record is complete only for those
taxa with calcareous (clams and snails, Kerr-Lawson et al.
1992), siliceous (diatoms; Smol and Stoermer 2010), or
chitinous (i.e., chironomids; Walker 1987) exteriors. As a
result, BA designs have challenges, and the results from
these kinds of studies need to be interpreted cautiously.
Like other designs, BA designs can be augmented with
regional reference data to put the observed changes in a
broader context (Kilgour et al. 2017).
�C 2018 SETACom/journal/ieam
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monitoring step in EEM.
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Control-impact design

The control-impact (CI) design compares observations
from the exposure area to 1 or more reference areas during
the exposure period. This design assumes that, in the
absence of a discharge, responses in reference and exposure
areas are the same and that differences between reference
and exposure areas indicate that a change in the exposure
area has occurred. The design is compromised, however,
because differences in responses between any 2 sampling
areas are virtually guaranteed because of physical, chemical,
or just natural variability (Underwood 1991, 1994). Despite
this limitation, the CI design has been extensively used in
Canadian EEMprograms to evaluate existing discharges (i.e.,
pulp mill and metal mine effluents). Because 2 locations
naturally differ in chemical and biological measures, practi-
tioners often collect data from multiple reference areas in
anticipation that data from multiple reference areas more
fully characterize the variation in reference conditions
(Environment Canada 2012) and reduce the likelihood of
detecting differences that erroneously indicate that changes
in response in the exposure area have occurred. These CI
designs with multiple reference areas, however, still suffer
from the possibility that responses in the exposure area have
always differed from responses in all of the reference areas.
Again, and like other designs, CI designs can be augmented
with regional reference data to put the observed changes in a
broader context (Kilgour et al. 2017).

BACI design

The BACI design overcomes some of the challenges of the
BA and CI designs (Green 1979; Mellina and Hinch 1995). In
the BACI design, changes in the differences between
Integr Environ Assess Manag 2018:552–566 DOI: 10.1002
reference and exposure areas between before and after
periods are used to demonstrate the effects of the
perturbation (e.g., effluent release). Despite being described
as the “optimal” design, the BACI design also has problems.
Underwood (1991, 1992, 1994) and others (e.g., Stewart-
Oaten et al. 1986, 1992) have noted that multiple reference
areas are needed to accommodate the fact that reference
areas naturally differ and reference areas also differ in their
inherent variability in space and time. Thus, the use of
multiple reference areas provides estimates of variation
among reference areas that can be incorporated into
comparisons to ensure that observed changes between
reference and exposure areas are evaluated relative to
natural variability among reference areas. That is, multiple
reference areas provide a more realistic estimate of normal
background conditions and greater confidence in the
assessment of the exposure-area data.

Gradient design

A gradient of effluent exposure conditions, unrelated to
natural habitat features (e.g., channel slope), provides a
different opportunity to test for effluent-related effects
(Environment Canada 2012). In a gradient design, sampling
areas are situated at increasing distance from the point of
discharge. The increasing distance and associated dilution
cause a gradient of exposure. A correlation between
response (biological), exposure (chemical concentrations),
distance from source provides the evidence of an effluent-
related effect. A challenge with gradient designs is that
many habitat factors often vary over distance, such as water
depth, substrate texture, and flow volume (in riverine
systems). As a result, correlations between the biological
response and distance from the source can occur naturally.
�C 2018 SETAC/ieam.4060
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This design can be used in the absence of temporal or
spatial baseline data, but the interpretation will benefit if
those data are available, particularly if there are changes in
natural habitat features with distance from source (e.g.,
Kilgour et al. 2007). Like the other designs, results from
gradient designs can be put into a broader perspective if
the results are compared to regional baseline data (i.e.,
RCA data).

Reference condition approach

In the Canadian metal-mining, pulp, and paper EEM
programs, “before” data were often unavailable, and this
lack of information limited the types of study designs that
could be used. As a result, Environment Canada acknowl-
edged that the RCA (Figure 2) could be used as an alternate
design in EEM (Glozier et al. 2002; Environment Canada
2012). The RCA typically compares data from a single
exposure area with data from a collection of minimally
impacted reference (or control) areas (e.g., Bailey et al. 2004;
Bowman and Somers 2005). Variability among reference
areas is used when comparing the exposure area with the
average of the reference areas, so this design differs
statistically from the other study designs. The RCA has
gained popularity because it provides a solution to the
problems of missing “before” data and/or the absence of an
appropriate upstream “control” area. The need for multiple
reference areas increases the cost of the RCA design, but
proponents can share reference-site data if the sites are
reasonablematches for exposure areas. RCA designs and the
analysis of their data result in “modeled” estimates of what
the response in the exposure area should be (Bailey et al.
2004). The RCA designs, however, normally use data from
reference locations that are geographically removed from the
exposure area and thus provide a regional reference
expectation (Kilgour et al. 2017). Combining RCA model
predictions with the results from a BACI design can be very
informative: the BACI design can illustrate the magnitude of
change attributable to the project, whereas the RCA data
provide an indication of regional normal ranges that can be
used to evaluate local changes in a broader context (Figure 2;
Kilgour et al. 2017).

TRIGGERS

Rationale

Most EEM programs are designed to test for “a significant
change” in chemical, physical, or biological responses, where
“a significant change” is regarded as a statistically significant
nonzero difference from an expected reference condition.
Canadian metal mines, for example, are required to
statistically test for significant differences between means
of observations from reference and exposure areas under
classic CI designs (Environment Canada 2012). When
relatively simple study designs are used (like BA and CI
designs; e.g., Green 1979; Duinker 1989; Smith 1991),
nonproject-related influences (i.e., unrelated to exposure
to effluent or the project) can cause changes from before to
Integr Environ Assess Manag 2018:552–566 wileyonlinelibrary.c
after or differences between reference and exposure, and
they therefore complicate the interpretation of observed
differences and changes. Detection of statistically significant
change can be guaranteed if enough samples are collected
(Underwood 1991; Mapstone 1995). In the metal-mining
EEM program, differences between reference and exposure
areas are very likely given the large number of response
variables that are considered in the assessments (i.e., 9
different fish population responses are evaluated on each of 2
sexes on each of 2 species, Huebert et al. 2011). Further,
given that EEM programs are designed to assess the effects
of an intervention (i.e., effluent release) on an ecological
response, the intervention will de facto cause change in the
physical and chemical environment that will de facto result in
change in biological responses no matter how trivial those
changes are (Underwood 1994). As a result, the inability of an
EEM program to detect a change is simply a problem of
sample size (e.g., Osenberg et al. 1994; Underwood 1994;
Mapstone 1995) and is not related towhether or not a change
occurred: a change did occur, regardless of how small and
statistically undetectable the change was. The logic of EEM
programs is, therefore, improved when programs are
designed to test for changes of a prespecified magnitude,
rather than testing for “any” change, including those that are
trivially small (see also McBride et al. 1993, Hanson 2011).
Herein, we use the term “trigger” to refer to a value of a
response variable that can be used to justify a continuation of
the current monitoring tier or a change in monitoring tier
(Arciszewski et al. 2017).

Types of triggers

There are at least 5 different types of triggers that can be
used to precipitate changes in the management of a
monitoring program: (1) performance; (2) compliance; (3)
monitoring; (4) forecast; and (5) management triggers (see
Figure 3). Performance and compliance triggers operate at
the facility scale and relate to critical concentrations of
constituents associated with emissions (effluent) from the
facility. Performance triggers are levels set by process
engineers that indicate whether the “process” is working
as designed. Exceedance of performance triggers (also
�C 2018 SETACom/journal/ieam
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termed action levels by some companies) results in a review
of the engineering process, potentially with adjustments, to
ensure that the facility process is operating per specifications.
Continued exceedance of performance triggers may result in
an update of the effluent-model forecast and reestimation of
the potential for effects in the receiver if engineering process
solutions are deemed too difficult, too costly, or otherwise
unwarranted. Discharged effluents are nearly always li-
censed, with the licensees dictating limits that are not to
be exceeded without a legal consequence. License limits are
here considered compliance triggers. Exceedance of license
limits (like those in the MMER for pH, copper, and nickel)
normally results in an increased frequency of monitoring to
confirm the exceedance, engineering studies to determine
the cause, and process modification to eliminate the
exceedance. Repeated exceedance of license limits can
lead to charges or loss of license, without adequate
demonstration of due diligence to address the exceedances.
Performance and compliance triggers are not considered
further because they are not used in the receiving environ-
ment; however, forecast, monitoring, and management
triggers apply to the receiving environment.

Forecast trigger. On the basis of facility operation knowl-
edge, anticipated emissions (effluent) quality, and dilution
ratios in the receiving environment, engineers normally
provide a prediction (or forecast) of anticipated chemical
concentrations in the receiving environment. The predicted
environmental concentrations can be used as a forecast
trigger in order to evaluate observed chemical concentra-
tions in the receiver. Through the EIA (or a similar) process,
forecasts of anticipated changes to ecological receptors in
the environment may be modeled, although those predic-
tions are normally less quantitative and more narrative than
predictions derived for water quality variables. Because
forecasts for biotic variables are often vague and general,
monitoring triggers are frequently used as surrogates for
forecast triggers (but without being stated as such). AREVA
Canada, for example, forecast that uranium mine effluent
would cause “negligible” effects on benthos in Collins
Creek in the downstream exposure area (AREVA 2009).
Through multiple cycles of EEM reporting, AREVA has
adopted normal ranges of reference conditions to define
monitoring and forecast triggers (though those terms are
not used in their technical documentation; AREVA 2009,
2012). Forecast triggers should include consideration of
when, where, and potentially for how long the changes will
occur. Expressed in those terms, forecast triggers define a
priori when we expect to see change and where. Regard-
less, observed responses in the exposure area that exceed
the forecast triggers indicate that (1) forecast conditions
have changed; or, (2) that our understanding (i.e., the
model) of the process and receiver were inadequate. Both
instances require that the system (engineering process and
receiver) be studied further, the forecast model recali-
brated, and the recalibrated model used to reforecast
future conditions (Figure 3).
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Monitoring trigger. Baseline data for water, sediment, and
biota collected during implementation of BA, CI, BACI,
gradient, or RCA designs provide the data to derive
monitoring (baseline) triggers. Monitoring triggers are
typically based on some measure of background variability
or the normal range of variation of the monitoring data
(Arciszewski et al. 2017). The concept of the normal range has
been adopted as a generic approach for deriving site-specific
triggers for surveys of water quality (Chambers et al. 2012),
sediment quality (Thompson et al. 2005; Kilgour et al. 2017),
and benthic macroinvertebrates (Lowell et al. 2002; Bailey
et al. 2004, Parsons et al. 2010; Environment Canada 2012).
Data used to derive monitoring triggers based on the normal
range typically originate from site-specific or regional
reference areas lacking perturbation (Wissmar 1993; Roux
et al. 1999; Hanson 2011) or lacking influence from the
intervention being assessed (i.e., effluent). The normal range
can be estimated from a collection of random samples from a
number of minimally influenced reference areas (Wissmar
1993; Roux et al. 1999; Hanson 2011). Statistically, measure-
ments on a collection of observations are typically described
by an average (e.g., the mean of the reference data, or x�r )
and the variation around that mean (e.g., the standard
deviation or SD). In situations where the distribution of the
observations around the mean is reasonably described by a
normal curve, then approximately 95% of the observations
should fall within the region under the curve enclosed by
x�r � 2SD, which then defines the normal range for any
variable (Kilgour et al. 1998). Because these simple statistics
can be calculated for any variable regardless of the
measurement units, the normal range is a generic statistic
that can be used for most physical, chemical, and biological
variables. The exceedance of a monitoring trigger implies
that a nontrivial change has occurred and that change should
be investigated as a potential early warning of unexpected
changes in the monitoring results.

Management trigger. Management triggers here are de-
sired values for water quality, sediment quality, physical
conditions, and biota as determined through an EIA or a
similar process (e.g., regional planning; Government of
Alberta 2012) by stakeholders such as industry, government
agencies, and the public (IAEA 2010; Dub�e et al. 2013).
Exceedance of management triggers indicates that the
overall objectives were not being met, with different
potential outcomes depending on whether the response
measure was chemical, physical, or biological. Chemical and
physical variables generally indicate the quality of habitat for
biota. Exceedance of a chemical guideline, for example, does
not guarantee that triggers for biota will be exceeded.
Exceedance of triggers for biota are more critical and may
indicate that overall objectives for resource protection have
not been met. Like forecast triggers, management triggers
normally include a consideration of the location where the
trigger applies. As such, management triggers define a priori
the geographic point where change would be deemed
unacceptable (see 2WE Consultants Ltd. [2002] for an
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example of setting a spatial boundary on management
triggers). Management triggers may include water-use and
protection-based limits derived from water-management
goals at specific locations, ranging from nondegradation (no
measurable change from background) to industrial water use
(e.g., CCME2003).Management triggersmay also bedefined
as a change far beyond a monitoring trigger that may not
necessarily require confirmation (Arciszewski et al. 2017).

Water and sediment quality guidelines are often used as
management triggers. For example, Policy 1 surfacewaters in
Ontario are watercourses where the concentrations of
chemicals are currently below provincial water quality
objectives (OMOEE 1994). Water quality objectives in those
Policy 1 situations are used as management triggers in
planning exercises such as subwatershed studies (OMOEE
1993). Policy 2 surface waters are watercourses where
chemical concentrations exceed water quality guidelines,
and the existing condition becomes the objective (or the
management trigger; OMOEE 1994). Setting management
triggers to be greater than water quality objectives or
guidelines is not unique to Ontario. British Columbia (BC)
uses both water quality guidelines and science-based
guidelines for setting environmental “benchmarks” (triggers)
under the BC Environmental Management Act for permitting
mines (BCMOE 2016). Alberta Environment and Parks
(2015a, 2015b) has set water quantity and quality targets
for the Lower Athabasca River, based on analyses of historical
and baseline data and in consultation with government,
industry, and nongovernment organization stakeholders.
Those targets are equivalent to the management triggers
described here. In the case of the Lower Athabasca River,
management triggers for water quality are based on normal
ranges of historical data and in some cases exceed water
quality guidelines (e.g., P) and in other cases are lower than
water quality guidelines (e.g., chloride).

Many water and sediment quality guidelines (e.g., CCME
2003; USEPA 1986; Gaudet et al. 1995) were historically
based on the assimilative capacity of the receiving environ-
ment and can be used to interpret observed water and
sediment chemistry data. Water quality guidelines are now
based on the results of toxicity tests in controlled laboratory
environments and often use species sensitivity distributions
to compute a lower concentration that can be anticipated to
protect some fraction (normally 95%) of aquatic biota (e.g.,
Cormier and Suter 2013; Zajdlik 2016). The CCME (2007), for
example, requires that there be laboratory toxicity data for at
least 7 aquatic species (2 fish, 1 amphibian, 1 zooplankton, 1
benthic invertebrate, 1 algae, and 1 more) and that the data
must meet minimum standards for robust methodology
before they will be included in the derivation of a guideline.

Sediment quality guidelines aremore variously determined
(Landrum 1995). In Ontario, sediment quality guidelines were
based on a screening-level concentration methodology in
which low-effect levels are defined as the concentration that
can be tolerated by 95% of benthic taxa and severe effect
levels can be tolerated by 5%of benthic taxa (Neff et al. 1986;
OMOEE 1993). Concentrations of water or sediment quality
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parameters that exceed toxicity-based guidelines pose
potential risks to aquatic biota, whereas concentrations
that do not exceed guidelines pose less obvious potential
risks to biota. Water and sediment quality guidelines may be
relevant to effect-based responses, depending on the
measured analyte (the stressor) and the measured response
(or not, it depends; see Gaudet et al. [1995] and Roux et al.
[1999]). Site-specific water quality values can be derived
(CCME 2003; den Besten et al. 2003), and they may more
accurately quantify likelihood of harm to the biological
response, again depending on the analyte and response.
Species-specific toxicity reference values can be used in
place of more generic quality guidelines, if the interest is in
computing a risk quotient specific to the measured effect
variables (e.g., fish, benthos).

Statistical comparisons using triggers

Comparison of the response data to a trigger value will
inevitably require formal statistical procedures, with the
specific method depending on how the trigger was derived.
Management triggers are typically “fixed” values such as
water or sediment quality guidelines (some guidelines vary
depending on a covariable such as water pH or hardness, but
the guideline is essentially a known value that is applied to a
site). Comparison of data from an exposure area relative to
fixed (known) values can involve a 1-sample analysis of
variance or 1-sample t test that determines the likelihood that
the “mean” concentration in the exposure area was lower or
higher than the trigger value. Theremay also be an interest in
testing whether a certain fraction (say 5%) of observations
from the exposure area exceed a water or sediment quality
guideline. This assessment can be addressed with tolerance
limits for an upper percentile (e.g., Smith et al. 2003; Kilgour
et al. 2017) applied to the exposure-area data or through
bootstrapping to derive confidence limits for an upper
boundary such as the 95th percentile (Anderson and
Thompson 2004).

Other triggers may contain uncertainty in their estimated
value. Forecast triggers, for example, are based on numeric
models that reflect our understanding of environmental
processes. Forecast models contain uncertainty (Borsuk et al.
2002), which should be reflected in the future forecast values
(see Figure 3, illustrating that the forecast is a range of values
for any given period in the future). Comparison of the
observed data to the forecast values should account for the
variability of both the forecast and observed data and
consider what type of exceedance is important (e.g., by the
mean or some specified proportion of the data). Again,
tolerance limits and bootstrap procedures provide additional
options for the comparison.

Monitoring triggers are typically derived from 1 or more
sets of reference-area data, with sometimes considerable
uncertainty around the trigger value. In the Canadian EEM
experience, the critical effect size for benthos is the estimated
normal range for samples of reference-area data (i.e., x�r ),
where both the mean and SD are estimated with uncertainty.
Likewise, the critical effect sizes for fish population
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parameters (e.g., a 10% change in condition factor or 25%
change in liver and gonad size) are expressed relative to
reference-area data. The critical effect sizes for benthos and
fish, therefore, are not fixed values, because they depend on
samples of reference data and there will be residual
uncertainty in the precise value given sampling error, etc.
For triggers based on reference-area data, special analytical
approaches are required to demonstrate that the observed
change was equal to or greater than the critical effect size
(McBride et al. 1993; Hanson 2011), potentially involving
noncentral analysis of variance (Kilgour et al. 1998, 2017;
Bowman and Somers 2006) or similar nonparametric
procedures (Murphy 1948).

INTEGRATION OF TRIGGERS WITH TIERS

Project planning and engineering design

A project-planning and engineering-design process (such
as an EIA or similar exercise; see Spellerberg 2005) provides
the project description, forecasts of anticipated environmen-
tal (chemical, physical, biological) changes in the environ-
ment, a risk assessment to estimate effects to receptors, and
a cumulative effects assessment to integrate the effects of the
project with the effects of other historical, current, and
potentially future disturbance activities (Dub�e et al. 2013).
The first step in an EIA processes is the creation of the project
description (Beanlands and Duinker 1983; Smith 1991;
Spellerberg 2005), which outlines the nature and benefits
of the project, its feasibility, operational life cycle, and closure
plan. This information is typically supported by a scoping or
screening study that establishes the spatial extent of the
project and collects baseline information on the physical,
chemical, and biological components that may be altered by
the project. Public consultation, part of the environmental
assessment process, identifies valued ecosystem compo-
nents (VECs) for which there is a desire to manage the
environmental conditions and therefore monitor the project
and environmental performance (Duinker and Beanlands
1986). EEM practitioners in consultation with government
agencies identify the relationships between EEM endpoints
and VECs.
Information from the EIA documentation and scoping

steps is used tomodel and predict anticipated environmental
alterations associated with the project, based on predicted
effects pathways as well as magnitude and significance
assessments (Spellerberg 2005). Where these predictions
suggest alterations that may impact the VECs, a series of
mitigation measures is proposed to ensure that potential
impacts are minimized. The prediction and mitigation step is
followed by a project management and monitoring plan and
an auditing plan. The project management and monitoring
plan outlines the activities associated with routine operation
of the facility, including monitoring activities to ensure that
routine operations are functioning as expected (per perfor-
mance triggers). Once compiled, the EIA documentation is
submitted to the appropriate governance body in order to
receive authorization to proceed with the project. Following
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authorization, the project moves to the formal permitting
stagewhere triggers and limits are set, for example, as part of
the effluent discharge permit. The EIA (or similar process),
therefore, is the time when triggers are set in order to judge
project performance and compliance. The EIA (or similar)
process is also the time when forecast, monitoring, and
management triggers can and should be established.
The Terra Nova oil and gas drilling project off the shore of

Newfoundland (Deblois et al. 2014) provides an example of
the EIA stage providing testable predictions for a follow up
EEMprogram. In this situation, a literature reviewwas used to
support the forecast of the potential effects of the develop-
ment on water quality, sediment quality, and benthos.
Historical data for similar projects indicated that offshore
drilling would likely result in drill cuttings (suspended
sediments and associated chemicals) depositing as far as
15 km from the source, with the greatest deposition occurring
within 5 to 10 km. On the basis of the literature review, effects
of those drill cuttings on benthic invertebrates were expected
to be “mild a few hundredmetres away from drill centres, but
fairly large in the immediate vicinity of drill centres” (Deblois
et al. 2014). The forecasts for physical and chemical
alteration, therefore, were reasonably quantitative, allowing
for direct numeric comparison (Deblois et al. 2014). The
forecast for benthic invertebrate community compositionwas
much less quantitative and resulted in an assessment using
normal ranges for referencedata (i.e., baseline perioddata, in
addition to data from distant reference areas) in order to
judge where effects on benthos had occurred (Paine et al.
2014).

Tier 1: Baseline monitoring

Because baseline monitoring triggers are routinely based
on reference data, baseline period reference data will ideally
be collected during the development of the EIA in both
reference (unexposed to effluent during operaion) and
exposure (exposed to effluent during operation) areas.
Monitoring during the EIA stage is rarely designed with the
recognition that the collected data may, could, or should be
used in a BACI context to assess environmental performance.
It is precisely during the EIA stage, however, that the
opportunity exists to collect the required data (Kilgour et al.
2007).
For new facilities, baseline information collected during the

EIA can provide critical information with respect to defining
the spatial and temporal extent of the discharge; the physical,
chemical and biological nature of the area before the
discharge was initiated; the existence of 1 or more minimally
influenced reference or control areas not affected by the
discharge; and the existence of potential confounding factors
(including existing changes to baseline conditions; e.g.,
upstream discharges) that may affect data interpretation
(Beanlands and Duinker 1983). Additionally, the baseline EIA
data may provide estimates of the normal range of variation
for the physical, chemical, and biological components of the
aquatic ecosystem before the facility was constructed. This
information can be used to develop site-specific triggers for
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chemical and biological measures, where exceedances can
be used to prompt movements through the tiers in the EEM
flowchart.

The collection of appropriate baseline period data during
the EIA stage is not routine but has some good examples. Per
the Terra Nova example off the shore of Newfoundland,
Deblois et al. (2014) collected baseline data for 2 years in
areas that were subsequently used to support surveillance
monitoring. Monitoring under RAMP in Alberta’s oil sands
region was designed such that baseline data were supposed
to be collected for 3 years (for a tributary) prior to oil sands
extraction activities adjacent to that tributary (Hatfield et al.
2009).

Tier 2: Surveillance monitoring

The first step in EEM is the design and implementation of a
surveillance-monitoring program (Figure 1). The data for
surveillance monitoring will often be collected per the
sampling design that was developed and implemented
during the baseline period and with a core set of
components. Although standard protocols have been
developed for EEM (e.g., Environment Canada 2012), each
facility is often located in a unique physical setting, so
methods will tend to vary from location to location, as will the
physical layout of sampling stations, areas and zones, etc.
Consequently, appropriate field and laboratory protocols
must be selected to generate unbiased samples that
accurately represent environmental conditions at each facility
(Glozier et al. 2002). Surveillance-monitoring results are
compared to baseline monitoring triggers (Figure 2). Ex-
ceedance of baseline triggers justifies a transition to tier 3
confirmation. Because it is difficult to quantitatively predict
outcomes for biological variables, baseline monitoring and
forecast triggers for biotic variables may be the same value.

Tier 2 surveillance monitoring is carried out to confirm that
the predictions from the project-planning exercise were
correct. As a result, monitoring should be continued at some
frequency until the burden of evidence suggests that the
forecast was correct or incorrect. Surveillance-monitoring
programs in Canada span a range of frequencies. For
example, biological monitoring in the oil sands region occurs
annually in tributaries to the Athabasca River where there is a
heightened concern of potential and future change (e.g.,
Steepbank River, Muskeg River, Mackay River, Tar River;
Hatfield et al. 2009), whereas monitoring occurs at a reduced
frequency for tributaries where there is less concern of
potential change (e.g., Clearwater River; Hatfield et al. 2009).
The frequency of surveillancemonitoring under the Canadian
EEM program has been every 3 years, with the potential for a
reduction inmonitoring frequency (to every 6 years) if a lack of
significant change is confirmed. The rationale for surveillance
monitoring (Figure 1) frequency can be based on concern
level (per the RAMP; Hatfield et al. 2009) or on anticipated
ecological response times. Freshwater benthos have life
cycles that vary from a few months to a few years. Monitoring
benthos every 2 to 3 years, therefore, has some logic. By
contrast, the time to maturity for freshwater fish varies from 2
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to 10 years (Scott and Crossman 1973), depending on the
species and local conditions. Aswith benthos,monitoring at a
frequency of every 2 to 3 years has a sense of logic. A
reduction in monitoring frequency is triggered in Canadian
metal-mining EEM programs if trivial or nonsignificant
differences are observed in consecutive surveys. A reduction
in monitoring components may also be justified.

Tier 3: Confirmation monitoring

Regardless of whether observed changes exceed monitor-
ing or forecast triggers, the observed changes should be
confirmed (i.e., confirmation monitoring; Glozier et al. 2002;
Lowell et al. 2002) before any changes to operations are
justified. In this tier, components used in surveillance
monitoring are used with a goal to establish whether the
observed initial changes are evident a second (or third;
Arciszewski and Munkittrick 2015) time. Various quality
assurance rules can be applied to data collected repeatedly
over time, and process control decisions can depend on the
frequency and magnitude of exceedances (Westgard et al.
1981). If confirmation monitoring fails to confirm change, the
EEM program logically returns to surveillance monitoring,
and the EEMprogram samplingmay be reduced in frequency
or delayed until there are demonstrated changes in effluent
quality (Figure 1). For example, the Canadian metal-mining
EEM permits a reduction in surveillance monitoring fre-
quency from every 3 years to every 6 years, if there are no
large changes in 2 successive cycles (Environment Canada
2012). If confirmation studies fail to confirm effects but
document different effects, then confirmation studies are
conducted on the new effects. Changes that exceed
monitoring triggers need confirmation to ensure that the
observed change was not caused by unusual factors (Lowell
et al. 2002). Changes exceeding forecast and management
triggersmay be severe enough that confirmation needs to be
done immediately or without delay. Confirmation of ob-
served changes, however, triggers IOC to determine if the
changes are effluent related (Figure 1).

Tier 4: Investigation of cause

Tier 4 IOC is initiated by confirmed exceedance of the
forecast triggers and when the cause of the exceedance is
uncertain. Any unexpected biological or chemical change
that exceeds the forecast triggers indicates that our
understanding of the system is incomplete (Dub�e et al.
2013). Data from the IOC will contribute to our understand-
ing, will inform present and future projects (through their
EIAs), or will assist in adaptively managing conditions in the
future (Arciszewski and Munkittrick 2015). IOC can be
informed by patterns in the results from surveillance,
confirmation, and focusedmonitoring. For example, patterns
in the data might help to reveal dose–response relationships
between the effluent concentration and biological responses
(Hewitt et al. 2005; Davies and Jackson 2006). Additionally,
different patterns among water quality and fish population
responses (Munkittrick and Dixon 1989a, 1998b; Gibbons
and Munkittrick 1994) and for benthic communities (Pearson
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and Rosenberg 1978; Environment Canada 2003) can be
used to infer the causes of the observed change. In EEM, 3
types of response patterns have been commonly observed:
(1) increased fish condition factor, liver size, and gonad size
with increased abundance and richness in the benthos; (2)
increased condition factor, increased liver size, and de-
creased gonad size in fish, but no consistent benthos
response; and (3) decreased condition factor, decreased
liver size, and decreased gonad size in fish with decreased
abundance and richness in the benthos. These 3 patterns
were attributed to (1) the effects of nutrient enrichment or
eutrophication, (2) metabolic disruption, and (3) the toxic
impacts of 1 or more contaminants (Hewitt et al. 2005).
Depending on the response pattern, the IOC tier can benefit
from controlled laboratory exposures to diluted effluent,
detailed chemical analyses, and experimentation to deter-
mine the mode of action and dose–response relationships
(e.g., Walker et al. 2005; MacLatchy et al. 2010; Kovacs et al.
2011).

Tier 5: Focused (extent) monitoring

Tier 5 focused (extent) monitoring is prompted by (1)
confirmed changes that exceed the forecast triggers in tier
3; (2) confirmed changes that are demonstrated with
confidence to be effluent related; and (3) uncertainty that
the changes warrant mitigation (i.e., justifying initiation of
tier 6 investigation of solutions). A study to explore the
spatial extent of change (tier 5) should provide the
necessary information to determine if the change warrants
mitigation. In tier 5 focused (extent) monitoring, the
sampling protocols used in tier 2 surveillance and tier 3
confirmation are used to determine the spatial extent of
changes. In many respects, this tier is a mapping exercise in
which additional effort is invested in mapping the spatial
extent of the observed changes. Focused (extent) monitor-
ing helps to determine whether the forecast was correct and
may be done simultaneously with an IOC to inform us of the
urgency with which to carry out the IOC and develop a
mitigation plan (i.e., tier 6). Available information associ-
ated with the modeled effluent plume trajectory and
dilution rates will help to situate and select sampling areas
in order to map changes relative to forecast triggers and
better understand the potential sources contributing to
these conditions. Additionally, the resultant fine-scale
spatial data will provide opportunities to model interrela-
tionships between the biological, chemical, and physical
conditions in an effort to reveal dose–response relation-
ships that will assist in understanding the potential cause(s)
of the observed differences.
Often the study design associated with focused (extent)

monitoring consists of a gradient design (see Figure 2) with
samples collected along a gradient of decreasing effluent
concentration with increased distance from the effluent
discharge (Glozier et al. 2002; Ribey et al. 2002). If biological
endpoints are consistent with the gradient (e.g., Davies and
Jackson 2006), these results support the hypothesis that the
effluent source is potentially causing the differences observed
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in theprevious tiers. These spatial data, further, canbeused to
establish an exposure-area response pattern across the suite
of fish and benthos metrics in order to identify the potential
cause of the observed differences (e.g., Hewitt et al. 2005;
Kilgour et al. 2007; Munkittrick et al. 2010). For example, a
contaminant issue would be implicated if the benthos
abundance and richness metrics were significantly reduced
in the exposure area. For the fish metrics, lower condition
factor, smaller liver size, and smaller gonad size would further
suggest a contaminant issue (Hewitt et al. 2005).
Surveillance monitoring may be designed a priori (i.e., as

part of baseline monitoring) to provide the data that will
inform the extent of change. The Terra Nova EEM (Deblois
et al. 2014), for example, sampled very near the drill centers
and along a gradient of exposure to a distance of 20 km
from the drill centers to (1) demonstrate effects exceeding
normal ranges near drill centers, and (2) illustrate how far
from drill centers the effects exceeded the normal-range
monitoring trigger. Because the program was carried out
every second year for a period of 14 years, the program
confirmed effects and through the gradient design,
determined extent.

Tier 6: Investigation of solutions

The investigation of solutions (IOS) tier is initiated when
management triggers are (or can be anticipated to be)
exceeded and when the changes warrant mitigation.
Evidence for a future exceedance could be based on a
temporal trajectory in a response that is more than the
forecast. Tier 6 is often viewed as the first step in an AM cycle
(Figure 1). The primary objective of the investigation of
solution tier is to identify cost-effective mitigation and
remedial strategies to address the causal factors contributing
to the observed environmental effects (Kovacs, Hewitt, et al.
2007; Martel et al. 2010). The 3 exposure-area response
patterns implicated nutrient addition, metabolic disruption,
and contaminants as the typical causal factors (Hewitt et al.
2005). In cases where nutrient enrichment was the primary
problem, the solution focused on reducing nutrient concen-
trations in the effluent. Similarly, the contaminant-response
pattern invoked efforts to reduce the effluent concentration
of the key contaminant(s). By contrast, the cause of the
metabolic-disruption response pattern was often more
difficult to isolate and identify (Hewitt et al. 2008; Martel
et al. 2010), and work continues to develop methods to
identify the causes of metabolic disruption (Hewitt 2011).
In many respects, this tier 6 IOS is principally an

engineering exercise and may not involve monitoring of
the receiving environment. Assuming that there are in-house
adjustments to routine operations and associated effluent,
the forecast of conditions for the receiving environment will
be updated to reflect the new information gleaned from this
tier 6 IOS. Once changes are implemented, the EEM process
should logically return to tier 2 surveillance monitoring with
the caveat that the expected environmental (chemical and
biological) conditions will include the influences of both
historical and current effluent quality: the forecast of future
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conditions will, therefore, require recalibration and estima-
tion. Teasing out the influences of historical conditions on
present-day observations is problematic (Burton et al. 2014)
but nonetheless an important element for determining if the
current effluent remains a cause of unacceptable environ-
mental conditions.

It may be that complete mitigation is not feasible and that
the management triggers are in conflict with operation of the
project. As a result, management triggers may need to be
reset to a new level in order to allow the project to continue.
Tier 6 IOS, therefore, can also consider input and approval
from stakeholders in order to reset management triggers.
Controlled experimentation may reveal that management
triggers for chemicalmeasureswere originally set too low and
can be set higher (for example, via procedures for setting
water quality objectives; CCME 2007) while maintaining
overall objectives such as a diverse and functioning aquatic
system (e.g., Kilgour et al. 2005).

Adaptive management: Adaptive environmental effects
monitoring

Although the post-IOS return to the tier 2 surveillance
monitoring may be viewed as a continuation of the EEM
program, this stepmay be seen as a transition to an AM cycle.
Thebasic steps inAM involve (perHolling1978) (1) assessment
of the problem; (2) design of a solution; (3) implementation of
the solution; (4) observation of the results; (5) evaluation of the
outcome; (6) adjustment of the solution; and (3) implementa-
tion of the solution and continued observation to ensure that
theproblemhasbeen resolved. TheEEM tier 6 IOS is similar to
the initial AM step, and the investigation of solution is
equivalent to designing a solution. In the EEM—Adaptive
Management flowchart (Figure 1), once a solution has been
proposed and implemented, the adaptive monitoring step
follows (see Arciszewski and Munkittrick 2015). The study
design and choice of triggers for adaptive monitoring can
draw from experiences with the EEM surveillance-monitoring
step. If the implemented solution has been effective at
eliminating the cause of the observed differences in the
original EEM, the initial surveillance monitoring should reveal
no significant changes in excess of the forecast, and
surveillancemonitoringwould continue on a regular schedule.
However, if the solution failed to adequately mitigate change,
then the tier 2 surveillance-monitoring data would exceed the
monitoring or forecast trigger prompting tier 3 confirmation
and the basic EEM/AM steps would follow in order to identify
the cause, associated solution, further mitigation, and
ultimately, remediation and restoration.
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